The helicopter dynamic includes nonlinearities, parametric uncertainties and is subject to unknown external disturbances. Such complicated dynamics involve designing sophisticated control algorithms that can deal with these difficulties. In this paper, a type 2 fuzzy logic PID controller is proposed for TRMS (twin rotor mimo system) control problem. Using triangular membership functions and based on a human operator experience, two controllers are designed to control the position of the yaw and the pitch angles of the TRMS. Simulation results are given to illustrate the effectiveness of the proposed control scheme.
Introduction
Helicopters are one of the most manoeuvrable and versatile platforms. They can take-off and land without a runway and can hover in place. These capabilities have brought about the use of autonomous miniature helicopters. For these reasons, there is currently great interest in using these platforms in a wide range of civil and military applications that include traffic surveillance, search and rescue, air pollution monitoring, area mapping, agriculture applications, inspection of bridge and building constructions. For performing safely many types of these tasks, high manoeuvrability and robustness of the controllers with respect to disturbances and modelling errors are required. This has generated considerable interest in the robust flight control design. The twin rotor multi-input multi-output system (TRMS), is an aerodynamical system similar to a helicopter, it is a highly coupled nonlinear system [1, 2] . Many efforts have been made to control the TRMS and some strategies have been developed to solve the path following problems for this type of system. These strategies, presented under various names, include classical and intelligent techniques of control such as proportional-integral differential (PID) control based on genetic algorithm [3] , nonlinear H ∞ controllers [4] , adaptive dynamic nonlinear model inversion control using artificial neural networks and genetic algorithms [5] . A comparison of classical control and intelligent control based on fuzzy logic and genetic algorithm applied to the TRMS system was presented in [6] .
The sliding mode control has been applied extensively to control nonlinear systems. The advantages of this approach are: its insensitivity to the model errors and parametric uncertainties, its ability to globally stabilize the system and its robustness with respect to disturbances [7, 8] . Due to their simplicity and effectiveness in handling nonlinearities, uncertainties and parameter variations, Takagi Sugeno fuzzy logic systems were extensively used to develop very interesting techniques of nonlinear modelling and control [9] [10] [11] [12] [13] . To take advantages of fuzzy logic systems and sliding mode control, the fuzzy sliding mode control strategy was investigated and has been widely applied to TRMS control. Indeed, fuzzy sliding and fuzzy integral sliding controllers were designed to position the yaw and pitch angles of a TRMS. In this work, to simplify the design of an effective controller for the position control of the pitch and yaw angles, the TRMS is pseudo-decomposed into horizontal and vertical subsystems and coupling effects are considered as uncertainties in these subsystems [14] . The TRMS control problem has also been considered using neural networks and hybrid neuro-fuzzy systems. Several control algorithms, based on these approaches, are available in the literature [15] [16] [17] .
The present work capitalizes on the merits and the latest developments of The Takagi-Sugeno type-2 fuzzy logic theory to implement a type-2 fuzzy logic controller for the control of the uncertain dynamics 2 DOF helicopter model (TRMS). In such systems, since the discontinuity in the motor position would be needed to exactly track the helicopter's desired position while the motor position is not uniquely defined at standstill, solving the inverse dynamics of the system is not realizable and the motor state cannot be observed continuously from the load output. Henceforth, only an approximate inverse model can be realized.
Therefore, modeling the system's dynamics based on presumably accurate mathematical models cannot be applied efficiently in this case.
Conventional type-1 fuzzy logic systems can be used to identify the behavior of this highly nonlinear system with various types of uncertainties. However, type-1 fuzzy sets cannot fully capture the uncertainties in the system due to the imprecision of membership functions and knowledge base, thus higher types of fuzzy sets have to be considered. It is clear that, the computational complexity of operations on fuzzy sets increases with the increasing type of the fuzzy set. In this work, for their simplicity and efficiency to capture the severe nonlinearities of the TRMS system, the interval type-2 fuzzy sets will be used. Till now, type-2 fuzzy logic systems have been used in very few control applications such as, nonlinear control and mobile Figure 1 . The twin rotor multi-input multi-output system (TRMS) [19] .
robot navigation [18] . Nevertheless it is still possible to achieve robustness and a highly efficient dynamics using a control technique that does not need a detailed model. This is the case with the controller presented herein where an interval type-2 fuzzy logic controller is designed to achieve the attitude stabilization of the uncertain dynamics model of a 2 DOF helicopter.
The paper is organized as follows: In section 2, a mathematical model of the TRMS is presented. In section 3, a number of artificial intelligence based controller is introduced.
Interval type 2 fuzzy logic systems and a type 2 fuzzy inference engine are presented in section 4. Section 5 gives the design procedure of the proposed controller while the simulation results are given in section 6. Finally, some conclusions are drawn in section 7.
Dynamic Model of the TRMS
Similar to most flight vehicles, the helicopter consists of several elastic parts such as rotor, engine and control surfaces. The nonlinear aerodynamic forces and gravity act on the vehicle, and flexible structures increase complexity and make a realistic analysis difficult. For control purpose, it is necessary to find a representative model that shows the same dynamic characteristics as the real aircraft [17] . The behaviour of a nonlinear TRMS (Figure 1 ), in certain aspects resembles that of a helicopter. It can be well perceived as a static test rig for an air vehicle with formidable control challenges.
This TRMS consists of a beam pivoted on its base in such a way that it can rotate freely in both its horizontal and vertical planes. There are two rotors (the main and tail rotors), driven by DC motors, at each end of the beam. If necessary, either or both axes of rotation can be locked by means of two locking screws provided for physically restricting the horizontal or vertical plane rotation. Thus, the system permits both 1 and 2 degree-of-freedom (DOF) experiments. The two rotors are controlled by variable speed electric motors enabling the helicopter to rotate in a vertical and horizontal plane (pitch and yaw). The tail rotor could be rotated in either direction, allowing the helicopter to yaw right or left. The motion of the helicopter was damped by a pendulum, which hung from a central pivot point. In a typical helicopter, the aerodynamic force is controlled by changing the angle of attack of the blades. The mathematical model of the TRMS is developed under following assumptions:
• The dynamics of the propeller subsystem can be described by first-order differential equations and the friction in the system is of the viscous type.
• Based on Lagrange's equations, we can classify the mechanical system into two parts, the forces around the horizontal axis and the forces around the vertical axis.
The parameters of the TRMS system are: the gravity momentum M F G , the frictions forces momentum M Bψ and M Bφ , the gyroscopic momentum M G , the cross reaction momentum approximation M R , the moment of inertia of vertical rotor I 1 and the moment of inertia of horizontal rotor I 2 . Consider the rotation of the beam in the vertical plane (around the horizontal axis). The driving torques is produced by the propellers, and the rotation can be described in principle as the motion of a pendulum. We can write the equations describing this motion as follows.
The Main Rotor Model
The following momentum equation can be derived for the vertical movement:
where the main propeller thrust M 1 is a nonlinear function of the DC motor momentum described by:
The motor and the electrical control circuit are approximated by a first order transfer function, given in Laplace space by: Cross reaction momentum gain −0 2
The tail rotor model
Similarly, we can describe the motion of the beam in the horizontal plane motion:
where the tail propeller thrust M 2 is a nonlinear function of the DC motor momentum described by:
The motor and the electrical control circuit are approximated by a first order transfer function, given in Laplace domain by:
2 is the input voltage of the DC motor, T 21 is the time constant of the main rotor and 22 is the static gain DC motor.
The dynamics of the TRMS system are described as follows:
The different parameters of the TRMS used in its dynamic modelling are summarized in Table 1 . The block diagram of TRMS system, that includes the main and the tail rotors, is presented in Figure 3 .
Brief review of type-2 fuzzy logic control
Type-1 and type-2 fuzzy logic are mainly similar. However, there exist two essential differences between them which are: the membership functions forms and the output processor. The interval type-2 fuzzy controller includes: fuzzifier, inference engine, rules bases, type reduction and a defuzzyfier. This section reviews the main characteristics of type-2 fuzzy logic systems and gives some important concepts associated with them.
Type-2 Membership Functions
Type-2 fuzzy logic systems are characterized by the shape of their membership functions. Figure 4 shows two different membership functions (a) a typical type-1 membership function, (b) a blurred type-1 membership function that represents a Type-2 membership function.
Definition 1
A Type-2 fuzzy system denoted asÃ, is characterized by type-2 membership function µÃ = ( ), where ∈ X and
Which simply shows that a type-2 membership function is a function of two variables , and . It should be mentioned that µÃ( ) is a number between 0 and 1 [20] .
where denotes union over all and .
Definition 2
When all µÃ( ) = 1 thenÃ is an interval type-2 fuzzy system [21] .
Definition 3
The domain of a secondary membership function is called primary membership of . Therefore, J is the primary membership of . Using this notation, (13) can be rewritten as:
FOU
FOU is one of the major parameters in type-2 fuzzy logic systems, which is frequently used in this work. This terminology denotes the uncertainty in the system and also enables us to have a convenient method of description of the entire domain for the secondary membership functions.
Definition 4
Uncertainty in the primary memberships of type-2 fuzzy system consists of a bounded region that is called the FOU, which is the union of all primary membership [21] , i.e.,
Definition 5
If we bound the FOU of a type-2 fuzzy system by two type-1 membership functions, the upper membership functions is associated with the upper bound denoted by µÃ( ) ∀ ∈ X , and the lower membership functions is related to the lower bound denoted by µÃ( ) ∀ ∈ X . This can be written as [22] :
Definition 6
For continuous universe of discourse X and U, an embedded type-2 setÃ is given by [20] :
The setÃ is embedded in setÃ, and there are infinite numbers of type-2 sets. Figure 5 shows the structure of a general type-2 fuzzy logic system. This structure is similar to type-1 fuzzy logic system except that the output processor which consists of two operations: type-reducer and defuzzifier. In the remainder of this section each block of Figure 5 is explained.
Type-2 Fuzzy Structure

Fuzzifier
The first bloc in Figure 5 is the Fuzzifier, where the crisp inputs are fuzzified. The fuzzifier maps the crisp input vector
T to a type-2 fuzzy systemÃ , very similar to the procedure performed in a type-1 fuzzy logic system.
Rules
The general form of the ith rule of type-2 fuzzy logic system can be written as: are inputs,G is the output of type-2 fuzzy system for rule , and M is the number of rules. As can be seen, the rule structure of type-2 fuzzy logic system is very similar to type-1except that type-1 membership functions are replaced with their type-2 counterparts.
Inference Engine
In fuzzy system interval type-2 using the minimum or product t-norms operations, the th activated rule F ( 1 ) gives us the interval that is determined by tow extreme ( 1 ) and ( 1 ) 
Type Reducer
After the rules are fired and inference is executed, the obtained type-2 fuzzy system resulting in type-1 fuzzy system is computed. In this part, the available methods to compute the centroid of type-2 fuzzy system using the extension principle [20] are discussed. The centroid of type-1 fuzzy system A is given by:
where represents the number of discretized domain of A, ∈ R and ∈ [0 1]. If each and are replaced with a type-1 fuzzy system, Z and W , with associated membership functions of µ Z ( ) and µ W (W ) respectively, by using the extension principle, the generalized centroid Figure 5 . Structure of type-2 fuzzy logic system [20] .
for type-2 fuzzy systemÃ is given by:
(23) where T is a t-norm. Note that GCÃ is type-1 fuzzy system. For interval type-2 fuzzy system
Karnik Mendel Algorithms
Since interval type-2 fuzzy logic systems are the most common type-2 fuzzy logic systems, the well-known Karnik Mendel algorithms are used to find their center. First, express (24) as: 
Deffuzzifier
To get a crisp output from a type-1 fuzzy logic system, the type-reduced set must be defuzzied. The most common method to do this is to find the centroid of the typereduced set. If the type-reduced set Y is discretized to points, then the following expression gives the centroid of the type-reduced set as:
We can compute the output using the iterative Karnik Mendel Algorithms. Therefore, the defuzzified output of an interval type-2 FLC is:
Control algorithm of the TRMS
The control objective is to design control laws to force the helicopter's positions to track their pre-defined timedependent desired values. This objective is to be achieved under unknown or uncertain system's dynamics. The fuzzy control strategy is based on a human operator experience to interpret a situation and initiate its control action. A block diagram for the fuzzy controller is illustrated in Figure 6 . Given the two position errors
The position errors and their variation are quantized into seven levels represented by a set of linguistic variables: negative big (NB), negative medium (NM), negative small (NS), zero (EZ), positive small (PS), positive medium (PM), and positive big (PB).
The control signals 1 and 2 are decomposed into nine levels represented by a set of linguistic variables: negative very big (NVB), negative big (NB), negative medium (NM), negative small (NS), zero (EZ), positive small (PS), positive medium (PM), positive big (PB), and positive very big (PVB).
In this work, we have used a triangular membership functions ( Figure 7) .The controller fuzzy rules are gathered in Table 2 . These rules are chosen is such a way as to accomplish the following controller's behavior: (1) when the signals errors are far from zero, then the fuzzy logic controller output assumes a high value; (2) when the inputs are approaching to the zero, the output is adjusted to a smaller value for a smoother approach; (3) once the inputs are zero, then the output is set to zero. 
Simulation results
In this section, the simulation results of the TRMS attitude dynamics control are presented. The model parameters values of the system are given in Table 1 . The initial values of the ψ and φ angles are taken 0, -0.5 radians respectively. The results obtained for the attitude stabilization of the TRMS are given in the Figure 8 for the ψ and φ angles respectively. It can be seen that, the Type2 fuzzy logic controller ensures a good convergence and the φ angle time response is relatively quick compared to the ψ angle response. As illustrated in Figure 8 , the type2 fuzzy logic controller provides a better performance than the type 1 fuzzy logic controller. Especially, the type2 fuzzy logic controller presents fast step responses with small oscillations. Figure 9 , Figure 10 and Figure 11 show the trajectory tracking accuracy of the proposed control low. In the case of the type 2 fuzzy controller, the actual angles ψ and φ of the helicopter converge, without oscillation, to their desired values. While in the case of the type 1 fuzzy controller, oscillations with big amplitude are observed.
To conclude on the robustness of the proposed controller with respect to the measurement noise and parametric variations, the following simulations were carried out. Although the outputs of the system are measured using adequate sensors, the measured signals are in general subject to noise. This noise can make the controller very sensitive and in some cases can destabilize the system.
In these simulations, a normal distribution signal noise with variance one and zero mean (Figure 12(a) ) is added to the measured variables. The obtained results are shown in Figure 12 (b) where it can clearly be seen that, in the case of the type 2 fuzzy controller, all outputs converge accurately to their desired values. A poor performance is obtained in the case of the type1 fuzzy logic controller. Thus, the type1 fuzzy logic controller cannot be used in such noisy environment.
Conclusion
A new approach for the attitude stabilization for the two degrees of freedom helicopter (TRMS) is presented. This approach is based on the type-2 fuzzy logic controller. The main strength of the proposed control algorithm is its robustness with respect to parametric uncertainties and noise measurement. The proposed approach has been successfully applied, in simulation, to the control of two degrees of freedom helicopter in the presence of parametric uncertainties and noise measurement.
